None of the authors of this manuscript has any financial or personal relationship with other people or organizations that could inappropriately influence their work. nals inducing discontinuation of the symbiotic process, and thus these strains form more advanced nodules than ORS571-oac2.
Effects of alteration in LPS structure in Azorhizobium caulinodans
on nodule development (Received July 14, 2015; Accepted August 18, 2015) Seiji Wakao, Lowela Siarot, Toshihiro Aono,* and Hiroshi Oyaizu Biotechnology Research Center, The University of Tokyo, Bunkyo-ku, Tokyo, Japan 2005) . LPS is composed of three parts: lipid A, containing sugar and fatty acid, which forms the outer leaflet of the outer membrane and anchors LPS to the cell envelope; a core oligosaccharide region, a non-repeating oligosaccharide, which links lipid A and O-antigen; and the Oantigen, consisting of repeating oligosaccharide units. The LPS containing or lacking O-antigen is usually called smooth LPS and rough LPS, respectively. In the majority of gram-negative bacteria, the core oligosaccharide can be subdivided into an outer core and an inner core. The outer core region provides an attachment site for O-antigen. The inner core typically contains residues of 3-deoxy-D -manno-2-octulosonic acid (Kdo) and L-glycero-Dmanno-heptose. Kdo connects the inner core to the lipid A (Heinrichs et al., 1998; Raetz and Whitfield, 2002) . Azorhizobium caulinodans ORS571 is a microsymbiont of a tropical legume, Sesbania rostrata (Dreyfus and Dommergues, 1981; Dreyfus et al., 1983 Dreyfus et al., , 1988 . N 2 -fixing nodules are formed by A. caulinodans on the stems as well as on the roots of S. rostrata. Previously, the whole genome sequence of A. caulinodans was determined (Lee et al., 2008) , and we performed a concurrent large-scale screening of rhizobial genetic factors involved in nodule development using A. caulinodans mutants created by random Tn5 mutagenesis (Suzuki et al., 2007) . As a result of this screening, we isolated three mutants having a Tn5insertion in the putative LPS biosynthesis genes (Suzuki et al., 2007) . These three mutants, Ao13-C11, Ao77-C09 and Ao80-F04, were disrupted in the rfaF, rfaD, and rfaE genes, respectively. These genes are involved in the synthesis of the LPS inner core region. The rfaD and rfaE genes encode ADP-L-glycero-D-manno-heptose-6epimerase and ADP-L-glycero-D-manno-heptose synthase, respectively. These enzymes are involved in the synthesis of ADP-L-glycero-D-manno-heptose, which is a component of the LPS inner core (Kneidinger et al., 2002;  The lipopolysaccharide (LPS) of Azorhizobium caulinodans ORS571, which forms N 2 -fixing nodules on the stems and roots of Sesbania rostrata, is known to be a positive signal required for the progression of nodule formation. In this study, four A. caulinodans mutants producing a variety of defective LPSs were compared. The LPSs of the mutants having Tn5 insertion in the rfaF, rfaD, and rfaE genes were more truncated than the modified LPSs of the oac2 mutants. However, the nodule formation by the rfaF, rfaD, and rfaE mutants was more advanced than that of the oac2 mutant, suggesting that invasion ability depends on the LPS structure. Our hypothesis is that not only the wild-type LPSs but also the altered LPSs of the oac2 mutant may be recognized as signal molecules by plants. The altered LPSs may act as negative signals that halt the symbiotic process, whereas the wild-type LPSs may prevent the halt of the symbiotic process. The more truncated LPSs of the rfaF, rfaD, and rfaE mutants perhaps no longer function as negative sig-
Introduction
Rhizobial surface polysaccharides, such as lipopolysaccharide (LPS), exopolysaccharide, and K-antigen, are important for the establishment of symbiosis (Becker et al., Valvano et al., 2000) . The rfaF gene encodes ADP-heptose-LPS heptosyltransferase II, which transfers a second heptose to the inner core of LPS (Sirisena et al., 1994; So et al., 2000) .
It is known that an A. caulinodans LPS mutant, ORS571-oac2, with mutation in the oac2 gene encoding a dTDP-Lrhamnose synthase produces the modified O-antigen and induces ineffective nodules (Gao et al., 2001) . As the symbiotic deficiency of ORS571-oac2 can be complemented by co-inoculation with a Nod-factor deficient mutant producing wild type LPSs or by the addition of purified wild type LPSs, LPSs of A. caulinodans are thought to be a progression signal informing the plants to continue the symbiotic process (Mathis et al., 2005) .
In this study, we have analyzed the effect of the modification in the LPS structure on the progression of nodule formation in symbiosis between A. caulinodans and S. rostrata by comparing rfa mutants (Ao13-C11, Ao77-C09 and Ao80-F04) with an oac2 mutant (ORS571-oac2).
Materials and Methods
Bacterial strains and plasmids. A. caulinodans strains used in this study are listed in Table 1 . All the strains were grown at 37°C in TY medium (Beringer, 1974) . LPS preparation and analysis. A. caulinodans strains were grown in TY medium until the stationary phase and harvested by centrifugation. LPS was extracted from the bacterial pellets by the hot-phenol method (Westphal and Jann, 1965) . Water phase extracts were treated with DNase I (1 µg mL -1 ) and RNase A (1 µg mL -1 ), and water phase and phenol phase extracts were dialyzed overnight against distilled water and treated with proteinase K (20 µg mL -1 ) at 37°C overnight. LPS samples were obtained from both phases by ultracentrifugation at 105,000 g for 4 h. The LPS pellets were suspended in sterile water, and approximately 5 µg of LPSs underwent deoxycholate polyacrylamide gel electrophoresis (DOC-PAGE) on 16.5 % polyacrylamide gel with the running buffer (21.7 g L -1 glycine, 4.5 g L -1 Tris, and 2.5 g L -1 deoxycholic acid) (Carlson et al., 1995; Goethals et al., 1994; Westphal and Jann, 1965) . Salmonella abortus equi LPS (Sigma, USA) was also loaded as a control. Gels were silver stained to detect LPS (Tsai and Frasch, 1982) . Polymyxin B sensitivity assay. A. caulinodans strains grown in TY medium were harvested and washed with sterile water, and suspended in sterile water to an OD 600 of 1.0. A series of diluted cultures were spotted on TY medium plates containing polymyxin B (25 µg mL -1 ), and incubated at 37°C for 36 h. Plant growth and bacterial inoculation. S. rostrata seeds were treated with concentrated sulfuric acid for 30 min, rinsed with sterile water, and soaked in sterile water on trays. The trays were placed for three days at 37°C under dark conditions. After germination, S. rostrata were transferred into a commercial horticultural soil (Kureha Chemical, Japan) and grown at 35°C under a 24 h light regime at an intensity of 50,000 lux, as described previously (Suzuki et al., 2007) . Bacterial cultures grown overnight were inoculated onto the stems 2 weeks after transplantation. The nodules formed on the second stem-internode of each plant were used for analyses. ARAs of stem-nodules. To measure acetylene reduction activities (ARAs) of stem nodules, ten (ORS571, Ao13-C11, Ao77-C09, and A080-F04) or thirty (ORS571-oac2) stem nodules per plant were harvested, and were placed into a 20 ml vial sealed with butyl rubber septa. The air in the vial was replaced with 10% (v/v) acetylene in air. After incubation at 37°C for 2 h, 100 µl of gas was sampled from the vial, and the concentrations of acetylene and ethylene were measured using a gas chromatograph (Model GC-17A, Shimazu, Japan) equipped with a fused silica column (Rt-U PLOT, RESTEK, USA). Microscopic analysis. For light microscopic analysis, the harvested stem nodules were embedded in 5% agar, and Bacterial strains used in this study. The phenol phase of ORS571 and the water phase of mutants were loaded in the gels since the LPSs were not detected in the water phase of ORS571 and the phenol phase of the mutants. Salmonella abortus equi LPS was also loaded as a control. Lane 1, Salmonella abortus equi; Lane 2, phenol phase of ORS571; Lane 3, water phase of ORS571-oac2; Lane 4, water phase of Ao13-C11 (rfaF::Tn5); Lane 5, water phase of Ao77-C09 (rfaD::Tn5); Lane 6, water phase of Ao80-F04 (rfaE::Tn5). The washed bacterial cells were suspended in sterile water to an OD 600 of 1.0, and a series of dilutions was spotted on TY plates unsupplied or supplied with 25 µg/ml polymyxin B. 
Results

LPS analysis of mutants
LPSs were extracted from ORS571, Ao13-C11 (rfaF::Tn5), Ao77-C09 (rfaD::Tn5), Ao80-F04 (rfaE::Tn5), and ORS571-oac2 by the hot-phenol method, and analyzed by DOC-PAGE (Fig. 1) . Because LPSs from ORS571 were partitioned only into the phenol phase (data A to E, light micrographs. F to J, transmission electron micrographs. Stem nodules formed by ORS571 (A and F), Ao13-C11 (rfaF::Tn5) (B and G), Ao77-C09 (rfaD::Tn5) (C, H, and I), Ao80-F04 (rfaE::Tn5) (D and J), and ORS571-oac2 (E) were observed at 12 days after inoculation. A, The nodule of ORS571 contained oval or elongated infected cells. B, The nodule of Ao13-C11 (rfaF::Tn5) also contained oval or elongated infected cells, but the number of the infected cells seemed less than that of ORS571. C, The nodule of Ao77-C09 (rfaD::Tn5) contained small infected cells. D, The nodule of Ao80-F04 (rfaE::Tn5) also contained small infected cells. E, The 'bump' nodule of ORS571-oac2 did not contain infected cells, and thick infection threads (white arrow heads) and large infection pockets (white arrow) were observed in the nodules. F, The nodule of ORS571 showed normal bacteroids in the infected cells. G, The nodule of Ao13-C11 (rfaF::Tn5) showed abnormally swollen bacteroids (black arrowheads) besides normal bacteroids in the infected cells. H, The nodules of Ao77-C09 showed infected cells containing large vacuoles (LV) or broken symbiosomes (BS). I, The broken symbiosomes in the nodule of A077-C09. Shrunken bacteroids (white arrowheads) and torn peribacteroid membranes (black arrows) were observed. J, The nodule of Ao80-F04 (rfaE::Tn5) also showed shrunken bacteroids (white arrowhead) and large vacuoles (LV). BA, bacteroid; CW, cell wall. Scale bar, 100 µm (A to D), 40 µm (E), 1 µm (F, G, I, and J), and 5 µm (H). sliced into 50-µm sections using a micro slicer (DTK-1000, Dosaka EM, Japan). The sections were stained with toluidine blue O, mounted with water, and observed using bright field microscopy (DMLB, Leica, Germany). For electron microscopic analysis, stem-nodules were stained with osmium tetroxide, embedded in epoxide resin, and sliced into about 7-µm sections. The sections were observed using JEM-1011 (JEOL, Japan). not shown) as reported by Gao et al. (2001) and LPS from other mutants were detected only in the water phase (data not shown), the water phase for ORS571 and the phenol phase for mutants were not subjected to electrophoresis in Fig. 1 . LPSs from ORS571 showed two distinct bands, together with some thin bands (Fig. 1, Lane 2) . The distinct low mobility bands are thought to be smooth LPSs containing complete O-antigen, and the distinct highest mobility band is thought to be rough LPS lacking O-antigen. The band patterns of LPSs from mutants presented were quite different from that of ORS571; overall, bands had shifted to lower molecular weights (Fig. 1, Lane 3, 4 , and 5). Because both high and low position bands of all mutants had shifted, it is thought that structure changes occurred in both the O-antigen region and the core region of all mutants. The core region and lipid A of Ao77-C09 (rfaD::Tn5) ( Fig. 1, Lane 5) and Ao80-F04 (rfaE::Tn5) ( Fig. 1, Lane 6) had the lowest molecular weight, followed by Ao13-C11 (rfaF::Tn5) (Fig. 1, Lane 4) and then ORS571-oac2 ( Fig. 1, Lane 3) , because the bands for Ao77-C09 (rfaD::Tn5) and Ao80-F04 (rfaE::Tn5) presented the highest mobility.
As it has been reported that bacterial LPS core mutants are sensitive to polymyxin B (Loutet et al., 2006) , polymyxin B sensitivity tests were performed on the mutants in this study (Fig. 2) . The growth of all the mutants on the plate without polymyxin B was slightly worse than that of ORS571. On the plate containing polymyxin B, the growth of Ao13-C11 (rfaF::Tn5), Ao77-C09 (rfaD::Tn5) and Ao80-F4 were more sensitive to polymyxin B than that of ORS571, but the growth of ORS571-oac2 was not.
Phenotypes of stem nodules
The stem nodules of each strain were observed at 12 days after inoculation (Fig. 3A) , then fresh weight and ARAs of the stem nodules were measured to investigate their N 2 -fixation activities (Figs. 3B and C) . The nodules of Ao13-C11 (rfaF::Tn5) were smaller than those of ORS571, and Ao77-C09 (rfaD::Tn5) and Ao80-F04 (rfaE::Tn5) formed much smaller nodules than Ao13-C11 (rfaF::Tn5). ORS571-oac2 formed a very small nodule, which could be described as a 'bump'. The inner regions of the nodules of ORS571 and Ao13-C11 (rfaF::Tn5) were red and beige in color, respectively, and these nodules showed ARA, although the ARA of the nodules of Ao13-C11 (rfaF::Tn5) was about half that of ORS571. The inner regions of the nodules of Ao77-C09 (rfaD::Tn5) and Ao80-F04 (rfaE::Tn5) were white, and those of ORS571-oac2 were green. The nodules of Ao77-C09 (rfaD::Tn5), Ao80-F04 (rfaE::Tn5) and ORS571-oac2 showed no ARA.
To investigate the phenotypes of nodules in detail, microscopic analyses were conducted. First of all, nodules were observed using an optical microscope (Figs. 4A to E). As was the case with the nodules of ORS571 (Fig. 4A) , the nodules of Ao13-C11 (rfaF::Tn5) were filled with oval or elongated host cells that were infected with bacteria, although the number of infected cells in the nodules of Ao13-C11 (rfaF::Tn5) was slightly lower than those in ORS571 (Fig. 4B ). In the nodules of Ao77-C09 (rfaD::Tn5) ( Fig. 4C) and Ao80-F04 (rfaE::Tn5) (Fig. 4D) , a few infected cells were observed, presenting as small round shapes, rather than oval or elongated. ORS571-oac2 induced 'bump' nodules, in which infection threads, large infection pockets, and primordial nodules were observed, but there were no infected cells in the nodules (Fig. 4E ), suggesting that ORS571-oac2 accumulated in infection threads and did not invade plant cells.
Electron microscopic analysis revealed more striking phenotypes (Figs. 4F to J) . In the nodules of Ao13-C11 (rfaF::Tn5), swollen bacteroids were observed (Fig. 4G ) in addition to normal bacteroids as shown in the nodules of ORS571 (Fig. 4F) , whereas, in the nodules of Ao77-C09 (rfaD::Tn5), the infected cells contained large vacuoles or broken symbiosomes (Fig. 4H) , and almost all the bacteroids were shrunken and the peribacteroid membranes were torn (Fig. 4I) . The nodules of Ao80-F04 (rfaE::Tn5) were similar to those of Ao77-C09 (rfaD::Tn5), and large vacuoles and shrunken bacteroids were also observed ( Fig. 4J ).
Discussion
In this study, we used four LPS mutants to investigate the function of LPSs in the symbiosis of A. caulinodans and S. rostrata. All the LPS mutants used in this study failed to form normal nodules, and their morphologies were different from each other, although Ao77-C09 (rfaD::Tn5) and Ao80-F04 (rfaE::Tn5) were similar. The nodules of Ao13-C11 (rfaF::Tn5) had slightly fewer infected cells than those of ORS571, and normal and abnormally swollen bacteroids were mixed in the infected cells. The reduced N 2 -fixation activity of Ao13-C11 (rfaF::Tn5) may be caused by the decrease of infected cells and swollen bacteroids. The nodules formed by Ao77-C09 (rfaD::Tn5) and Ao80-F04 (rfaE::Tn5) showed no N 2 -fixation, and the numbers of infected cells were markedly decreased in these nodules. The infected cells in these nodules contained shrunken bacteroids and large vacuoles. Thus, it is expected that Ao77-C09 (rfaD::Tn5) and Ao80-F04 (rfaE::Tn5) had the ability to invade plant cells, but they could not progress to the N 2 -fixing stage. In the 'bump' nodules formed by ORS571-oac2, large infection threads with an accumulation of bacteria were observed, but infected cells were not observed under our experimental conditions. From these results, it appears certain that the rfa mutants, especially Ao13-C11 (rfaF::Tn5), have the ability to progress to more advanced stages than ORS571-oac2.
The important question is why nodule formation was able to progress further in rfa mutants than the oac2 mutant, even though the LPSs of rfa mutants were more truncated than those of the oac2 mutant. Based on research using ORS571-oac2, it has been proposed that the wild type LPSs are required as a positive signal that informs the plants to proceed with the symbiotic interaction and to develop a functional fixation zone, and the altered LPSs are dysfunctional (Mathis et al., 2005) . This means that the wild type LPSs are recognized by host plants as a signal molecule, but the altered LPSs are not. If only the wild type LPSs were acting as signal molecules, mutants such as Ao13-C11 (rfaF::Tn5), Ao77-C09 (rfaD::Tn5), and Ao80-F04 (rfaE::Tn5) should not advance the symbiosis because the LPSs of these strains were more truncated than those of ORS571-oac2, as shown in DOC-PAGE. But the fact is that the symbiosis with rfa mutants had progressed more than that of the symbiosis with ORS571-oac2; and especially that with Ao13-C11 (rfaF::Tn5), which could form nodules having N 2 -fixation activity. Our hypothesis is that not only the wild type LPSs but also the altered LPSs may be recognized as signal molecules by plants.
The altered LPSs may act as negative signals that halt the symbiotic process, and the wild type LPSs may prevent the halt of the symbiotic process. Thus, the halt of nodule development of ORS571-oac2 was suppressed by the coinoculation with a Nod factor-deficient mutant or purified wild type LPSs, resulting in normal nodulation, as reported by Mathis et al. (2005) . The more truncated LPSs of Ao13-C11 (rfaF::Tn5), Ao77-C09 (rfaD::Tn5), and Ao80-F04 (rfaE::Tn5), perhaps no longer function as negative signals inducing discontinuation of the symbiotic process, and hence these strains formed more advanced nodules than ORS571-oac2.
The next consideration is the phenotypic difference between the nodules of Ao13-C11 (rfaF::Tn5), and those of Ao77-C09 (rfaD::Tn5) and Ao80-F04 (rfaE::Tn5). Ao13-C11 (rfaF::Tn5) was able to invade plant cells and form a normal fixation zone, although the N 2 -fixation activity was reduced. In contrast, Ao77-C09 (rfaD::Tn5) and Ao80-F4 could not survive symbiosis after invading plant cells. A possible assumption concerning the difference of these morphologies is the difference of sensitivity to cationic peptides such as polymixin B. Alterations in LPS structures often result in changes in cationic peptide sensitivity, and affect symbiosis (Campbell et al., 2002) . It is also suggested that the inside of the peribacteroid membrane is potentially toxic for bacteria (Campbell et al., 2002) . In fact, ORS571 was able to survive on the plate containing polymixin B, but the growth of Ao77-C09 (rfaD::Tn5) and Ao80-F04 (rfaE::Tn5), which had more truncated LPSs, was inhibited. Another possibility is that LPSs may play an important role as signal molecules even inside plant cells, thus promoting successful symbiosis after the invading stage. It is known that large vacuoles and shrunken bacteroids are observed in nodules showing premature senescence (Hossain et al., 2006) . The cell infected by Ao77-C09 (rfaD::Tn5) and Ao80-F04 (rfaE::Tn5) contained large vacuoles, which suggests that premature senescence occurred in these nodules. There is a possibility that the truncated LPSs of Ao77-C09 (rfaD::Tn5) and Ao80-F04 (rfaE::Tn5) are recognized as foreign substances by host plants after cell invasion. Thus, the nodules of these mutants showed premature senescence, and shrunken bacteroids were observed in the infected cells.
The results revealed in this present study have further clarified the function of LPSs. In future studies, it will be necessary to determine the structure of the LPSs of those mutants used in this study, in order to explore the relationship between LPS structure and symbiosis.
